Abstract HIV-1 clades (subtypes) differentially contribute to the neuropathogenesis of HIV-associated dementia (HAD) in neuroAIDS. HIV-1 envelop protein, gp120, plays a major role in neuronal function. It is not well understood how these HIV-1 clades exert these neuropathogenic differences. The N-methyl-D-aspartate (NMDA) receptorreduced glutamine synthesis could lead to secretion of neurotoxins such as arachidonic acid (AA) which plays a significant role in the neuropathogenic mechanisms in neuroAIDS. We hypothesize that clade B and C gp120 proteins exert differential effects on human primary astrocytes by production of the neurotoxin arachidonic acid. Our results indicate that clade B gp120 significantly downregulated NMDA receptor gene and protein expression, and level of glutamine while increasing expression of prostaglandin E2 (PGE 2 ) and thromboxane A2 receptor (TBXA 2 R) compared to HIV-1 clade C gp120 protein. Thus, our studies for the first time demonstrate that HIV-1 clade B-gp120 protein appears to induce higher levels of expression of the neuropathogenic molecule cyclooxygenase-2 (COX-2)-mediated arachidonic acid by-products, PGE 2 , and TBXA 2 R compared to HIV-1 clade C gp120 protein. These studies suggest that HIV-1 clade B and C gp120 proteins may play a differential role in the neuropathogenesis of HAD in neuroAIDS.
Introduction
HIV-1 infection is known to cause neurodegeneration in the neuronal cells which is a major risk factor in the neuropathogenesis of brain disease (Ensoli et al. 1993) . HIV-1 directly and indirectly affects the central nervous system causing neurological impairments such as HIV/AIDS dementia, cognitive, behavioral, and motor abnormalities caused by a massive death of neurons in all the brain regions (Nath 2002; Gonzalez-Scarano and Baltuch 1999) . This can be initiated following activation of brain cells such as microglia and astrocytes. There is evidence association with the secretory neurotoxin metabolites, glutamate (Dreyer and Lipton 1995) , arachidonic acid (Gendelman et al. 1994) , quinolinic acid (Nottet et al. 1996; Sei et al. 1995) , nitric oxide (NO), reactive oxygen species (ROS), and inflammatory cytokines and chemokines (Gray et al. 2001) .
The HIV-1 gp120 protein is required for viral entry into the host cells. It facilitates the viral replication and enhances neurotoxicity through inducible nitric oxide synthesis (Raber et al. 1996; Dawson et al. 1993) , and causes cellular oxidative stress which progressively affects the central nervous system (CNS; Brenneman et al. 1994; Galicia et al. 2002) . Gp120 binds to glutamate (Scorziello et al. 1998) and increases intracellular calcium levels (Dreyer et al. 1990) , which eventually leads to lipid peroxidation causing "excitotoxic," N-methyl-Daspartate (NMDA) receptor-mediated neuronal damage (Corasaniti et al. 1996; Lipton et al. 1991; Holden et al. 1999) . Previous studies have shown that gp120 induces overstimulation of glutamate which could lead to the generation of reactive nitrogen species in neurons and astrocytes (Kaul and Lipton 1999) . Furthermore, these reactive nitrogen species cause damage to the mitochondrial function which in turn may lead to an AIDS dementia complex (ADC), neurobehavioral abnormalities, and eventually death.
Previous studies suggest that genetic variations in HIV strains play critical roles in influencing and modifying disease progression in gp120 protein (Kaleebu et al. 2001; Satishchandra et al. 2000) . HIV-1 clade B-and C-infected subjects show a differential degree of neurological problems (Satishchandra et al. 2000) . It has been shown that different sequences and genetic polymorphisms in the viral protein and variations in the viral gene enzymes ultimately lead to differential expressions of ADC. Recent studies reported that gp120 induced the activation of NMDA receptor; dependent on HIV-1 clade variations (Li et al. 2008) . Previous studies have shown that HIV-1 clade C Tat gene sequence dicysteine is changed to C30C31 motif and alters the functional property compared to HIV-1 clade B Tat (Mishra et al. 2008) . We have recently reported that there are clade-specific differences in the regulation of inflammatory cytokine, chemokines, and the enzyme indoleamine 2, 3-dioxygenase (IDO) activity (Gandhi et al. 2009; Samikkannu et al. 2009 ). However, the underlying mechanisms are not yet clearly understood. Therefore, we sought to investigate if HIV-1 clade B and C gp120 proteins differentially modulate NMDA receptor functions through a similar or distinct mechanism(s) in human primary astrocytes.
In the present study, we show that clade B gp120 is involved in the activation of NMDA receptor gene and protein expression compared to HIV-1 gp120 clade C protein in primary human astrocytes.
Results
Effect of HIV-1 clade B and C gp120 on NMDA-Receptor, PGE 2 , and TBXA 2 R gene expression Since HIV-1B infection has been reported to induce more neuropathogenesis than HIV-1C infection (Mishra et al. 2008) , we investigated whether HIV-1B-and C cladederived gp120 differentially modulate the expression of the neurotoxin arachidonic acid and its by-products PGE 2 and TBXA 2 in primary human astrocytes. Data presented in Fig. 1a show that astrocytes treated with clade B (Bal) gp120 at 50 ng (p<0.03) and 100 ng (p<0.01) significantly downregulated N-methyl-D-aspartate receptors gene expression compared to clade C (CN54) gp120-treated cultures or untreated control at 24 h. Figure 1b shows the kinetics results which demonstrate significant decrease in NMDA receptor gene expression at 24 h (p<0.03) treatment compared to clade C gp120. We examined whether clade B gp120 proteins Bal, MN and JRCSF and clade C gp120 CN54 differ in their expression. Figure 2 results indicate that in gp120 clade B, Bal (0.01), MN (p<0.02), and JRCSF (p<0.02) significantly downregulated the NMDA receptor gene expression, compared to clade C gp120 CN54 at 50 ng concentration. Since maximum response was found at 50 ng/ml, we used this particular concentration in subsequent experiments. Furthermore, the downstream effects of the activation of PGE 2 and TBXA 2 R were also examined. The PGE 2 (p<0.006) and TBXA 2 R Fig. 1 Effect of HIV-1 clade B and C gp120 protein on NMDA receptor gene expression by dose-response (a) and kinetics (b) in human astrocytes. Astrocytes (1×10 6 cells/ml) were separately treated with HIV-1 clade B (Bal) and C (CN54) gp120 at 5-100 ng/ml for 24 h and 25 ng/ml for 12, 24, and 48 h. RNA was extracted and reverse transcribed followed by quantitative real-time PCR for NMDA receptor and housekeeping gene β-actin-specific primers. Data are expressed as mean±SD of TAI values of three independent experiments (p<0.02) expressions were upregulated in HIV-1 clade B gp120 Bal-treated cells, compared to the clade C gp120 CN54 (Fig. 3a, b ).
Glutamine levels induced by HIV-1 B and C gp120 proteins Glutamine synthetase (GS) is a marker of astrocytes, and it plays a significant role in the enzymatic conversion of the excitatory amino acid glutamate to glutamine (Souba 1992 ). Previous studies demonstrate that this enzyme significantly modulates neuronal disorders of the central nervous system. We investigated the role of clade B and C gp120 induction of glutamate formation and enzyme glutamine level in astrocytes. Data presented in Fig. 4a show that astrocytes treated with 50 ng of clade B gp120 Bal have reduced the level of glutamine at 24 h (p<0.04) compared to clade C gp120 CN54 or the untreated control group in which glutamine levels were lower. Furthermore, there is an increase in glutamate (p<0.02) for the astrocytes treated with clade B gp120 Bal compared to clade C gp120 CN54 treatment (Fig. 4b) .
Effect of HIV-1 clade B and C gp120 on NMDA-Receptor, GS, PGE 2 , and TBXA 2 R protein expression
We also examined whether clade B and C gp120 differentially modulate the NMDA receptor (NR2A) protein expression in astrocytes. Data presented in Fig. 5a show that clade B gp120 Bal-treated cells significantly decreased the NR2A protein expression compared to clade C gp120 CN54. In addition, clades B gp120 (Bal, MN, and JRCSF) show similar significant decreases in NR2A protein expression compared to clade C gp120 CN54 or untreated control (Fig. 5b) . Figure 5c shows the densitometric scanning of NR2A protein levels in clade B gp120 (Bal, MN, and JRCSF) compared with clade C gp120 (CN54). Results indicate significantly reduced levels for all clade B gp120 proteins when compared to the clade C gp120 protein. In order to understand whether reduced glutamine level will affect the downstream effect of GS protein modification by clade B and C gp120, we observed the results ( Fig. 5d , e) which demonstrate that GS protein is significantly downregulated by clade B gp120 compared to clade C gp120 consistent with NMDA receptor activation. Furthermore, the downstream effect of neurotoxin arachidonic acid cascade induction through COX-2-mediated byproducts of PGE 2 and TBXA 2 R is shown in Fig. 6a , c. Data presented in Fig. 6b, d show the densitometry evaluation respectively PGE 2 (p<0.004) and TBXA 2 R (p<0.009). These results confirm the decreased in NMDA receptor levels of glutamine synthesis and increased glutamate formation in clade B gp120 compared to clade C gp120.
Discussion
The present study provides new insights into the functional role of the NMDA receptor in primary astrocytes following clade B and C gp120 exposure, and how the clade-specific Astrocytes (1×10 6 cells/ml) were separately treated with HIV-1 clade B (Bal) and C gp120 (CN54) at 25 ng/ml for 24 h, and the PGE 2 and TBXA2 R expression were quantified by quantitative real-time PCR. Data are expressed as mean±SD of TAI values of three independent experiments gp120 proteins modulate NMDA receptor expression. We have demonstrated for the first time the differential role of clade B and clade C gp120 in the modulation of the NMDA receptor mRNA expression. These findings are of considerable interest because it indicates that the NMDA receptor and the arachidonic acid by-products of PGE 2 and TBXA 2 R are effective in inducing the production of the neurotoxin, arachidonic acid. In addition, our results suggest that the NMDA receptor-mediated downregulation of protein modifications in clade B gp120 is more potent than clade C gp120.
Previous studies have shown that HIV-1-induced neurotoxin, arachidonic acid, plays a major role in the NMDA receptor-mediated inhibition of excitatory amino acid uptake in neuronal dysfunction (Ushijima et al. 1995) . It has been reported that the HIV-1 gp120 protein induces a complex glutamate receptor and calcium-dependent cascade alteration that leads to brain dementia and neuronal cell death (Corasaniti et al. 1995; Brooke et al. 1997; Vesce et al. 1997) . HIV-1 infection is associated with increased levels of the neurotoxin, arachidonic acid, in cerebrospinal fluid (CSF; Genis et al. 1992) . Furthermore, an increase in Fig. 4 Effect of HIV-1 clade B and C gp120 protein on glutamine and glutamate levels. Astrocytes (1×10 6 cells/ml) were separately treated with HIV-1 clade B (Bal) and C (CN54) gp120 at 25 ng/ml for 24 h, and the cell lysates were examined for glutamine (a) and glutamate level (b). Data are expressed as mean±SD of three independent experiments nitric oxide (NO) and PGE 2 synthesis in HIV-associated dementia (HAD) patients has also been reported (Sardar and Reynolds 1995) , suggesting an association of NMDA receptor with neuronal dysfunction.
Studies have shown that HIV-1 geographical variations and genetic polymorphisms may lead to a differential expression of HAD. HIV-1 clade B infections occur predominantly in North America, Western Europe, and Australia. Conversely, HIV-1 clade C is found in Africa, Latin America, and Asia (Robertson et al. 2001) . Current estimates place the prevalence of HAD in the USA and Western Europe between 10% and 20% (Grant et al. 2005 ), compared to only 1-8% in India (Shankar et al. 2005; Wadia et al. 2001 ). HAD appears to be the most common with HIV-1 clade B infections, whereas much lower level of HAD occurs with HIV-1 clade C infection. This suggests that the prevalence of HAD may be correlated with the difference in subtypes of HIV-1.
Our recent studies corroborate other reports in which HIV-1 clade B Tat was shown to be more potent in inducing neuropathogesis compared to clade C Tat (Samikkannu et al. 2009 (Samikkannu et al. , 2010 . However, there are no reports on the molecular mechanisms of NMDA receptor-mediated expression of COX-2 by HIV-1 clade C gp120 protein. In the present study, we have shown, for the first time, differences in HIV-1 clades by studying modulation of the NMDA receptor pathway and COX-2 activation in primary human astrocytes. We demonstrate that clade B gp120 significantly decreased the NMDA receptor mRNA expression compared with clade C gp120 (Fig. 1a, b) . In order to understand the various clades B gp120 proteins such as HIV-1 clade B gp120 MN and JRCSF, we also tested the functional effect and similarity of the gene expression and protein modification (Figs. 2 and 5b) . The NMDA receptor activation data confirm the downstream signals of PGE 2 and TBXA 2 R (Fig. 3a, b) . Furthermore, our results also demonstrate that the induction of NMDA receptor expression reduced the level of glutamine (Fig. 4a) , and significantly increased glutamate formation (Fig. 4b) with HIV-1 clade B gp120 protein. This result suggests that HIV-1 clade C gp120 showed less effect and lack of functional activity in NMDA receptor-mediated induction.
Previous studies have shown that HIV-1 genetic variations play a critical role in influencing HIV-1 infection and differently modify disease progression in the clade B and C (Satishchandra et al. 2000) . There are differences in sequential and structure of HIV-1 clade B gp120 compared to HIV-1 clade C gp120, especially in V3 and C3 regions of gp120 (Gnanakaran et al. 2007; Rizzuto et al. 1998; Choe et al. 1998 ). These differences might account for the observed differences in the activities of the clade B and C proteins. Recent studies have shown that the hypervariable V3 domain of gp120 is an important determinant of neuropathogenesis (Pattarini et al. 1998) . Regardless of the HIV clade from which it is derived, distinct HIV envelope sequences have been associated with the clinical expression of dementia (Zhang et al. 2001) . Previous studies showing analysis of differences in sequence of the V3 region of various HIV-1 isolates have provided evidence that genetically unique sequence of the infecting virus exists in different brain regions (Chang et al. 1998) . The influence of brain-specific, actively replicating viral reservoirs may be important for the development of dementia (Mattson et al. 2005) therefore, raising the possibility that these neuropathogenic factors may be involved in the observed effects.
There are several reports stating that NMDA receptor expression alters ion channels with increased level of Ca 2+ which activate several pathways (Lipton et al. 1991; Muller et al. 1992; Meucci and Miller 1996) . We have shown here that the gp120 protein alters NMDA receptor expression and may have an impact on the glutamate enzyme activation. It has been shown that activating a number of Ca 2+ iondependent enzymes and phopholipase A 2 (PLA 2 ) increases secretion of arachidonic acid and various by-products in COX and 5-LOX by NMDA receptor expression (TapiaArancibia et al. 1992) . Arachidonic acid induction is also known to rapidly activate PGE 2 and TBXA 2 R signaling pathways that promote neuropathogenesis preferentially via COX-2 Corasaniti et al. 2000 Corasaniti et al. , 2003 Griffin et al. 1994 ). These studies suggest a possible role for the neuropathogenic molecules regulated by NMDA activation in HAD (Griffin et al. 1994) . Further studies are needed to fully understand the mechanism of HIV-1 clade Band C gp120-induced release of the neurotoxin arachidonic acid.
Observed protein modification demonstrates that clade B gp120-induced activation of the NMDA receptor (Fig. 5a, b) correlates with the observed NMDA receptor mRNA expression (Figs. 1 and 2) . The decrease in glutamine may be due to suppression of the GS protein expression (Fig. 5d, e) . We consistently found that clade B gp120 significantly increased arachidonic acid cascade of COX-2 (PGE 2 ) and TBXA 2 R, as compared with HIV-1 clade C gp120 ( Fig. 6a-d) . Observed effects are more pronounced for clade B gp120 and, therefore, raised the possibility that these factors may be involved in the observed effects. However, the mechanisms underlying these alterations and their protein modifications are yet to be elucidated. The main observation in this report is that gp120 clade B is significantly higher than clade C gp120 and that these two different clades may have distinct in vitro mechanisms. Overall, these data provide evidence of a connection between NMDA receptor gene expression, glutamate activation, and enzyme uptake and secretion of arachidonic acid by-products PGE 2 and TBXA 2 R in gp120 clade Bexposed cells.
In conclusion, HIV-1 gp120 protein treatment downregulates NMDA receptor mRNA expression as well as protein modification in cultured primary human astrocytes. Furthermore, HIV-1 clade B gp120 could induce more arachidonic acid by-products compared to HIV-1 clade C gp120 in human primary astrocytes. Based on these results, it appears that HIV-1 clade B gp120 is more potent than HIV-1 clade C gp120, and this might play a critical role in the neuropathogenesis of HAD in HIV-1 B-infected patients.
Materials and methods
Reagents Cell culture reagents were purchased from Sciencell (Carlsbad, CA), NMDA receptor (NR2A) antibody were purchased from Invitrogen (Camrillo, CA), antiglutamine synthetase antibody were purchased from BD Transduction Laboratories (San Jose, CA), COX-2 antibody were purchased from (Abcam, Cambridge, MA), TBXA 2 R antibody were purchased from Cayman Chemical (Ann Arbor, MI), goat antirabbit IgG and goat antimouse IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), electrophoresis reagents were purchased from Bio-Rad (Richmond, CA), nitrocellulose membrane were purchased from Amersham, and glutamine and glutamate assay kit as well as all reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA Scientific.
HIV-1 clade gp120 recombinant proteins HIV-1 clade B gp210 Bal and gp120 clade C CN54 proteins were obtained from NIH AIDS Research and Reference Reagent; HIV-1 clade B MN and JRCSF were obtained from Immune Technology Corp (New York). These were highly purified recombinant gp120 proteins, clade B (>95%) and clade C (>90%) purities, respectively.
Primary human astrocyte culture Cells were maintained in basal medium containing 10% fetal bovine serum, 50 units/ ml penicillin, astrocyte growth supplement, and 100 μg/ml streptomycin. Cells and medium were obtained from Sciencell (Carlsbad, CA), and the cells were grown to 80-90% confluence.
RNA extraction and real-time quantitative PCR Total RNA from 1 × 10 6 cultured primary astrocytes cells were extracted using the Qiagen kit (Invitrogen Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions. The total RNA (5 μg) was used for the synthesis of the first strand of cDNA. The amplification of cDNA was performed using primer (Applied Biosystems, Foster City, CA) specific for NMDA receptor (Assay ID Hs00609557_m1), COX-2 (Assay ID, Hs00153133_m1), TBXA2 R (Assay ID, Hs00169054_m1), and β-actin (Assay ID, Hs99999903_m1) that was used as housekeeping gene for quantifying real-time PCR. Relative abundance of each mRNA species was assessed using the Taqman master mix from Applied Biosystems to perform real-time quantitative PCR (Stratagene PCR machine), which detects and plots the increase in fluorescence versus PCR cycle number to produce a continuous measure of PCR amplification. All the results were expressed as the ratio of normalized expression of the target gene in treated cells to the normalized expression of the target gene in untreated control cells (Shively et al. 2003) .
Glutamine and glutamate assay Intracellular glutamine changes were determined by using a glutamine assay kit (Sigma) based on the reductive deamination of glutamine and glutamate by a proprietary enzyme. Briefly, 2×10 6 cells were disrupted, and an equal concentration of cell supernatants, glutamine standards, and cell culture medium were incubated with the reaction buffer, the diluent buffer, and the specific enzyme for 1 hr at 37°C. The color reagent was added to each sample and allowed to develop for 5 min at room temperature, and then measured at 550 nm using a spectrophotometer. To calculate the quantity of glutamine and glutamate, a linear regression analysis of the standard curve was performed.
Western blot analysis To determine the NMDA Receptor (NR2A), glutamine synthetase (GS), COX-2 and TBXA2 R protein modification in astrocytes by HIV-1 clade B gp210 Bal, MN, JRCSF, and gp120 clade C CN54, at the end of the time period, cells were washed and lysed by lysis buffer (Pierce, IL) with 1× complete cocktail of protease inhibitors. Equal amount of total cellular protein was resolved on a gradient of 4-15% polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and incubated with their respective primary antibodies. Immunoreactive bands were visualized using a chemiluminescence western blotting system according to the manufacturers' instructions (Amersham).
Statistics Results presented in the study are triplicate values and representative of three or more independent experiments. Statistical significance was analyzed with the computer software GraphPad Prism using ANOVA or Student's t test for unpaired observations. The values presented are means±SE, and p<0.05 was considered to be significant.
